The preparation and conditioning of DNA-modi®ed electrodes, in which glassy carbon electrodes are covered by a thick ®lm of double-stranded DNA and subsequently conditioned in acetate buer, has been followed with Electrochemical Impedance Spectroscopy. Spectra were recorded at dierent values of applied potential in order to probe the alterations occurring in the modi®er layer. The alterations in the EIS response parallel the changes in voltammetric response and show that the modi®er layer is a good conductor and that the behaviour as a DNAbiosensor is essentially due to surface phenomena and interaction with single-stranded DNA in solution during conditioning. #
Introduction
The electrochemical reduction behaviour of DNA and its adsorption at mercury electrodes have been well known since the beginning of the 1960s [1] . Dierential pulse voltammograms show a well-de®ned peak due to the simultaneous reduction of adenine and cytosine residues in the DNA molecule; the intensity of the current peak as well as the peak potential are dependent on the structural state of DNA in the solution. Guanine produces an anodic peak on the reverse scan in cyclic voltammetry, due to the oxidation of guanine reduction products formed at a potential close to hydrogen evolution [1] .
The electrochemical oxidation of DNA was studied with carbon electrodes [2±4] ; anodic peaks are due to the oxidation of guanine, adenine, thymine and cytosine residues [5] . Higher current peaks observed in ssDNA (single strand DNA) in comparison with ds-DNA (double strand DNA) were attributed to greater ease of ssDNA adsorption on the electrode surface [ 3± 4] . Nucleic acids and their bases are reduced or oxidised at electrodes from the adsorbed state [6±10] and sensitive determinations (<1 mM) by using adsorptive transfer stripping voltammetry [11±15] or potentiometric stripping at carbon paste electrodes [16±17] were described.
Detailed studies have been undertaken on the adsorption of DNA treated with perchloric acid on glassy carbon electrode surfaces [18] . Higher current peaks were observed for the oxidation of guanine and adenine compared with previously published results [19] . This dierence cannot be explained taking into account only the DNA apurination eect [20] , since no poisoning of the electrode surface occurred, contrary to what was observed for the oxidation of free adenine [21] or 2'-deoxyadenosine-5 '-monophosphate [22] . Modi®cation of glassy carbon surfaces by immobilisation of dsDNA has also been described [23] . After drying, these sensors were held at 1.4 V in pH 4. ate buer for 5 min and were then subjected to a conditioning procedure in acetate buer solution containing DNA, previously treated with perchloric acid, after which they respond to species in solution that are sensitive to interaction with DNA, such as drugs [24±26] and cytostatic agents [23] . This DNA biosensor therefore provides a unique probe for the interaction of substances with DNA, the timescale of the interaction and the way in which it occurs.
The purpose of this study was to use EIS, in conjunction with results from voltammetric techniques, to help understand what is occurring during the preparation and conditioning procedure of the DNA-biosensor in acetate buer solution containing DNA. This whole procedure is absolutely essential for the useful functioning of the sensor, and must involve some form of structural rearrangement at the level of molecular DNA on the sensor layer surface, as will be seen below.
Experimental
DNA-modi®ed glassy carbon electrodes were prepared by covering a polished glassy carbon disc electrode, diameter 3 mm, with 3 mg of dsDNA dissolved in 80 ml of pH 4.5 0.2 M acetate buer and leaving the electrode to dry overnight. This led to an almost uniform layer of DNA H0.1 mm thick when dry, which in aqueous solution swells to about 1 mm thickness with a gel-like appearance. ssDNA was prepared by treating a sample of 3 mg calf thymus dsDNA with 0.5 ml of 60% pure perchloric acid; immediately following dissolution, 0.5 ml of 9 M NaOH were added to neutralize the solution and then 9 ml of pH 4.5 acetate buer.
Conditioning experiments were carried out in a onecompartment cell containing the DNA-modi®ed electrode, a Pt wire auxiliary electrode and a saturated calomel electrode (SCE) as reference, with an EcoChemie mAutolab potentiostat controlled by GPES3 software. Initially, the as-prepared DNA-modi®ed electrode was held at 1.4 V vs SCE in pH 4.5 acetate buer solution for 5 min.
The conditioning procedure was carried out in acetate buer solution containing ssDNA by scanning the applied potential using dierential pulse voltammetric scans from 0.0±1.4 V vs SCE at 5 mV s
À1
; pulse width was 50 ms and pulse height, 50 mV. Between scans the electrode was held at 0.0 V or 1.4 V for 2 min with constant stirring. Scans were repeated until no dierence between successive recordings was noticed, i.e. when the peaks corresponding to oxidation of guanine and adenine residues (at 0.75 and 1.10 V, respectively) did not increase further. The electrode was then placed in buer solution for 2 min, removed and left to dry for 4 h. The full conditioning procedure described above was repeated at least four times.
Impedance data were recorded at dierent applied potentials during the conditioning procedure, corresponding to before the guanine oxidation peak (0.3 V), between guanine and adenine oxidation peaks (1.0 V) and after adenine oxidation (1.4 V). A Solartron 1250 Frequency Response Analyser coupled to a Solartron 1286 Electrochemical Interface was used with ZPlot (Scribner Associates) control software. An rms perturbation of 10 mV was applied and logarithmic frequency scans, 5 frequencies per decade, were performed over the frequency range 65 kHz to 0.1 Hz. Fitting of impedance spectra was done using ZSim/ CNLS impedance simulation and modelling software Version 4.1 (Scribner Associates).
Results and discussion

Voltammetric experiments
The eect of the conditioning procedure on the voltammetry of the DNA-modi®ed electrode is illustrated in Figs. 1 and 2 . Fig. 1 shows dierential pulse scans in the positive direction for the ®rst conditioning cycle; two current peaks are evidentÐfor oxidation of guanine (H0.8 V vs SCE) and of adenine (H1.1 V vs SCE) residues. Fig. 1a shows voltammograms after holding the potential at 0.0 V before the scans and Fig. 1b , after holding at 1.4 V. Several deductions from such data can be made:
1. Over each cycle the peak currents increase, tending towards a limiting value. Once this limiting value is reached, the conditioning cycle is deemed to be ®n-ished. 2. The range of currents becomes higher in successive conditioning cycles, reaching a maximum after 4 or 5 cycles when 0 V is applied during the 2-min period between scans, but eectively reaching the maximum after one conditioning cycle with 1.4 V applied potential between scans. This is illustrated in Fig. 2 . It also shows that higher ®nal currents are achieved if the potential applied between scans is 0.0 V. 3. Background currents increase slightly during the full conditioning procedure. This can be indicative of various processes, but it should be recalled that (in principle) the current sampling in dierential pulse voltammetry will have a capacitive component if the sampling towards the end of the pulse is carried out too early. This increased background current could be indicative, therefore, of an increased time constant.
Thus, it was decided to make impedance measurements at various stages during the preparation of the DNA biosensor at applied potentials of 0.3, 1.0 and 1.4 V, corresponding to before the potential for oxidation of guanine, between guanine and adenine, and after the potential for oxidation of adenine.
Electrochemical impedance
Impedance experiments were carried out at various stages during the conditioning procedure. Spectra recorded in acetate buer solution at a freshly-prepared electrode, before any potential was applied, are shown in Fig. 3a, and 3b shows the corresponding spectra after 1.4 V had been applied for 5 min. As can be seen, there is no signi®cant dierence between the spectra. At applied potentials of 0.3 and 1.0 V, there are strong indications of diusional characteristics, and at 1.4 V the smaller semi-circle is due to a small amount of oxygen evolution. These results correlate with the fact that dierential pulse voltammograms still show no peaks for oxidation of guanine and adenine residues after this initial treatment. In any case, the small intercept on the real axis of 80±100 O shows that the bulk modi®er ®lm (up to 1.0 mm thick when hydrated) is a reasonably good conductor; other experiments with bare glassy carbon electrodes gave the same value.
The electrode was then placed in DNA-containing acetate buer solutions. Figs. 4 and 5 show impedance spectra after the 1st and last conditioning cycles using applied potentials of 0.0 and 1.4 V between cycles, respectively. Evidence of a pseudo-capacitance at 0.3 V in Fig. 4a after the ®rst modi®cation cycle disappears by the 4th cycle. Additionally, the impedance values at 0.3 and 1.0 V applied potential, increase by a factor of approximately two.
If the applied potential between scan cycles is held at 1.4 V, then the impedance values are higher initially and vary lessÐhowever, the ®nal values are similar to those obtained in the conditioning procedure with applied potential 0.0 V. No evidence of a pseudo-capacitance is seen at any stage.
Comparison of impedance results
It was attempted to model the impedance spectra by an equivalent circuit which makes physical sense and is appropriate for analysing all the spectra obtained at dierent stages in the conditioning procedure. Particular attention was given to the results obtained at 0.3 and 1.0 V applied potential, which correspond to zones in which there is no faradaic reaction. Apart from the ohmic resistance, modelling used two capacitances in parallel, C 1 and C 2 , the second, C 2 , with constant phase angle characteristics (a always found to be between 0.5 and 0.6). In fact, there is visually evident roughness and porosity. These can be associated with the capacitance of two types of DNA-solution interfacial region: the major part, subject to restructuring but not interaction with ssDNA (see below) (C 1 ) and the other part where interaction with ssDNA in solution takes place (C 2 ), which in principle should lead to greater charge separation. Fitting of the equivalent circuit was very good in Bode plots except for errors in the phase angle at high frequency, but could be optimised further by inclusion of additional elements; however, it was felt to be preferable to use this rather than a more complicated circuit. However, the equivalent circuit for the spectra at 0.3 V after the ®rst conditioning cycle at 0.0 V, showed larger errors, as can be predicted from inspection of Fig. 4 . Values of C 1 and C 2 are given in Table 1 .
General deductions which can be made from the spectra obtained are:
. the ohmic resistance of the system is hardly increased by the presence of the modi®er layer (comparison with bare glassy carbon substrate), showing that the substrate surface is covered by a good electron conductor; there is more evidence of this in other electrochemical experiments [22] . the interfacial capacity is similar at 0.3 and 1.0 V, but decreases signi®cantly at +1.4 V when a semicircle appears together with a charge transfer resistance (probably solvent decomposition). Table 1 shows estimated values for the interfacial capacitance; . as the number of scans increases, especially during the ®rst conditioning cycle, the interfacial capacity, C 2 , also increases, suggesting adsorption of a component from solution, maybe together with some rearrangement of the molecules at the surface and close to the surface. Later on the values decrease to the initial values. However, C 1 is increased by an order of magnitude from the values when the DNAmodi®ed electrode is prepared. This suggests that any alteration to the electrode penetrates to the right within the modi®er layer. An explanation of the observed phenomena based on the general aspect of the impedance spectra and the quantitative evaluation referred to above is as follows. First, it must be recalled that without ssDNA in solution, no voltammetric oxidation response is obtained; therefore ssDNA takes part in the conditioning process. Indeed, the large impedance values observed in buer solution (Fig. 3) as compared with those obtained after conditioning in DNA solution re¯ect structural modi®-cation of DNA on the electrode surface. Thus, the applied potential serves to alter the conformation of the dsDNA, opening up sites near the surface where ssDNA can be absorbed, and the residues which lead to the voltammetric response are from ssDNA. Sodium ions from the supporting electrolyte, introduced into the modi®er layer during electrode preparation, are removed from their DNA complexation sites (phosphate groups, nitrogen in the bases and hydroxyl of sugars) by exchange with ssDNA from solution, which interacts with dsDNA to produce a more energetically favourable structure. This process is easier and seems to be more eective at an applied potential of 1.4 V rather than 0.0 V, as the more positive potential will aid the expulsion of Na + to a greater extent. In fact, the pseudo-capacitance observed in Fig. 4a at 0.3 V gives evidence of charge separation at the surface during the initial stages of ssDNA adsorption.
Over several conditioning cycles, there is a levelling o of the current in the successive scans in each conditioning cycle. This suggests that ssDNA penetrates further into the modi®er layer until diusion becomes limiting; the impedance spectra give further evidence for this. Rehydration following the drying period between conditioning cycles allows the structure to adapt better to the changes imposed externally, making further incorporation of ssDNA possible.
It is important to remember that DNA is a structurally polymorphic macromolecule which, depending on nucleotide sequence and environmental conditions, can adopt a variety of conformations. The double helical structure of DNA consists of two strands, each of them on the outside of the double helix and formed by alternating phosphate and pentose groups in which phosphodiester bridges provide the covalent continuity. In this B-DNA, the two chains of the double helix are held together by hydrogen bonds between purine and pyrimidine bases. It was discovered that when DNA is strongly dehydrated, a structural alteration occurs due to a greater electrostatic interaction between the phosphate groups, leading to A-DNA.
The dierent structural forms of the double helix have dierent dynamic interactions, and the width of the grooves between the strands is important in allowing or preventing access to bases. When the electrode con- Table 1 Results from ®tting of impedance spectra at 0. taining dsDNA immobilized on the surface is immersed in a solution containing ssDNA and a potential of 0 or +1.4 V is applied, migration of ssDNA will occur and interaction between dsDNA and ssDNA, leading to modi®cation of the DNA conformation.
It is probable that the interaction of ssDNA from bulk solution with surface-bound dsDNA forms portions of triple helix DNA on the electrode surface [ 27± 29] . Triple-stranded DNA can be generated intermolecularly or intramolecularly. It is called H-DNA in order to indicate the high H + concentration of the media where this triplex exists and can only be formed if one strand of the original B-helix is all purine bases, guanine and adenine, and the corresponding region of the other strand is all pyrimidine bases, thymine and cytosine.
Triple-stranded DNA has been monitored electrochemically by hydroxylamine (which is a speci®c chemical probe for triple-stranded DNA [30] ) formed during the electrochemical reduction of nitroimidazoles [26] . The electrochemical characteristics of these DNAbiosensors have been evaluated [22] .
From the impedance spectra obtained it is not easy to obtain exact quantitative data on the conditioning process, as mentioned above. The system is complex, as are the changes occurring. However, the spectra provide more direct evidence of the occurrence of surface phenomena during the procedure than can be demonstrated by voltammetric techniques.
Conclusion
Electrochemical impedance spectroscopy has been employed to characterise the changes occurring during the preparation and conditioning of a DNA-modi®ed electrode. An explanation based on changes in the conformation of dsDNA through its interaction with ssDNA from solution to produce a modi®er layer with triple helix DNA, is supported by the impedance and the voltammetric experimental results.
